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132Objective: The occurrence of an electroencephalographic (EEG) seizure after surgery for complex congenital
heart defects has been associated with worse neurodevelopmental (ND) outcomes. We previously identified post-
operative seizures documented by 48-hour EEG monitoring in 11% of 178 neonates and infants. Evaluation at 1
year of age did not identify an adverse effect of an EEG seizure onNDoutcomes. The current studywas undertaken
to determine if testing in the preschool period would identify deficits that become apparent as children develop.
Methods: The ND outcomes assessed at 4 years of age included cognition, language, attention, impulsivity, ex-
ecutive function, behavior problems, academic achievement, and visual and fine motor skills.
Results: Developmental evaluations were performed in 132 (87%) of 151 survivors. For the entire cohort, the
Full-Scale IQ was 95.0 18.5. IQ was 95.1  18.7 for patients without a history of seizure and 93.6  16.7 for
those with a history of seizure. After covariate adjustment, occurrence of an EEG seizure was associated with
worse executive function (P ¼ .037) and impaired social interactions/restricted behavior (P ¼ .05). Seizures
were not significantly associated with worse performance for cognition, language, attention, impulsivity, aca-
demic achievement, or motor skills (all P>.1).
Conclusions: The occurrence of a postoperative seizure is a biomarker of brain injury. This study confirms that
postoperative EEG seizures are associated with worse ND outcomes, characterized by impairments of executive
function and a higher prevalence of deficits in social interactions and repetitive/restricted behaviors in preschool
survivors of cardiac surgery in infancy. However, EEG seizures were not associated with worse cognitive, lan-
guage, or motor skills. (J Thorac Cardiovasc Surg 2013;146:132-9)Earn CME credits at
http://cme.ctsnetjournals.org
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The Journal of Thoracic and Cardiovascular Surgsequelae.1-3 The research standard for detection and
quantification of postoperative seizures remains continuous
electroencephalographic (EEG) monitoring.4 In the Boston
Circulatory Arrest Study (BCAS) conducted between 1988
and 1992, continuous EEG monitoring in the first 48 hours
after the arterial switch operation for transposition of the
great arteries (TGA), with or without a ventricular septal de-
fect, demonstrated seizures in 27 (20%) of 136 neonates and
infants. Follow-up evaluation of these patients demonstrated
that the occurrence of a postoperative EEG seizure, identified
either clinically or by EEG monitoring, was associated with
worse ND outcomes at 1, 4, and 16 years of age.1-3
We previously evaluated the incidence of perioperative
seizures in a heterogeneous cohort of 178 patients with com-
plex CHD, including hypoplastic left heart syndrome
(HLHS).5,6 Early postoperative seizures were identified in
11.2% of these neonates and infants. All of the seizures
were subclinical. The ND evaluation was performed at 1
year of age in 114 of 164 survivors, of whom 15 (13%)
had had seizures. In this cohort of neonates and infants,
the occurrence of a seizure was not predictive of an
adverse ND outcome, as assessed by the Bayley Scales of
Infant Development-II. However, ND assessment at 1 year
of age has limited predictive validity for later outcomesery c July 2013
Abbreviations and Acronyms
APOE ¼ apolipoprotein E
BCAS ¼ Boston Circulatory Arrest Study
CHD ¼ congenital heart defect
CNS ¼ central nervous system
CPB ¼ cardiopulmonary bypass
DHCA ¼ deep hypothermic circulatory arrest
EEG ¼ electroencephalographic
HLHS ¼ hypoplastic left heart syndrome
ND ¼ neurodevelopmental
PDP ¼ pervasive developmental problem
TGA ¼ transposition of the great arteries
Gaynor et al Congenital Heart Disease
C
H
Dand does not assess higher functions, such as executive func-
tion and memory.7 The current study was undertaken to de-
termine if testing in the preschool period would identify
deficits that had become apparent as children developed.
METHODS
Sample
A subgroup of children enrolled in a prospective study evaluating poly-
morphisms of apolipoprotein E (APOE) as a risk factor for ND dysfunction
also underwent continuous video-EEG monitoring in the early postopera-
tive period. Patients who were 6 months of age or younger and underwent
cardiopulmonary bypass (CPB), with or without deep hypothermic circula-
tory arrest (DHCA), for repair of CHDwere eligible for enrollment. Exclu-
sion criteria included (1) multiple congenital anomalies, (2) a recognizable
genetic or phenotypic syndrome other than chromosome 22q11 microdele-
tions, and (3) a language other than English spoken in the home. The study
was approved by the Institutional Review Board at The Children’s Hospital
of Philadelphia (Philadelphia, Pa). Informed consent was obtained from the
parent or guardian.8,9
Operative Management
Operations were performed by 5 cardiac surgeons with a dedicated team
of cardiac anesthesiologists. a-Stat blood gas management was used. Pump
flow rates were not standardized for this study. DHCAwas used at the sur-
geon’s discretion. Before DHCA, patients underwent core cooling with
topical hypothermia of the head to a nasopharyngeal temperature of
18C. Modified ultrafiltration was performed in all patients.
Video-EEG Examination
Details of the video-EEG evaluation have been previously pub-
lished.5,6,10 Video-EEGs were recorded on 1 of 3 identical, dedicated, por-
table Telefactor Millenium Beehive machines (Conshohocken, Pa), which
capture time-synchronized video images and digital EEG data. A brief
15-minute preoperative baseline study was recorded. Recording was reini-
tiated after surgery immediately after admission to the cardiac intensive
care unit. Video-EEGs were recorded continuously for the first 48 hours af-
ter surgery. Studies were terminated early only for death or at parental re-
quest. Each record was visually reviewed in its entirety every 12 hours by
the recording EEG technologist and independently by a pediatric neurolo-
gist (R.R.C.). The number of seizures during the study period was recorded.
In addition, the sites of origin of the seizures were recorded and classified
as frontal or nonfrontal. After confirmation of the presence of seizures, the
attending physician was informed of the occurrence of a seizure. All treat-
ment decisions, including the institution of antiepileptic drug therapy, were
made at the discretion of the attending physician.The Journal of Thoracic and CaData Collection
Preoperative factors, including gestational age, birth head circumfer-
ence, birth weight, Apgar scores, and preoperative intubation, were ob-
tained from birth and hospital records. Weight, age at operation, and type
of operation were recorded, along with perfusion data, including CPB
time, aortic cross-clamp time, and duration of DHCA. Total support time
was calculated as CPB time plus DHCA time. Total DHCA time was cal-
culated as the sum of the duration of each episode of DHCA.
Four-Year Evaluation and ND Testing
Childrenwere evaluated between their fourth and fifth birthdays.Growth
measurementswere obtained, includingweight, length, and head circumfer-
ence.Maternal education and the child’s ethnicitywere assessed by parental
report. The familial socioeconomic status was assessed by parental report,
according to theHollingshead scale.11A health historywas obtained, focus-
ing on the incidence of interim illnesses, rehospitalizations, neurologic
events or interim evaluations, currentmedication use, and parental concerns
about health. Parents completed behavior questionnaires and rating scales.
Toprovide a broad assessment ofNDstatus,multipledomainswere tested,
including cognition, language, fine and visual motor skills, executive func-
tion, inattention and impulsivity, and social skills. Quantitative testing was
used to assess cognition, core language skills, fine and visual motor skills,
and executive function. Cognitive skills were assessed with a Full-Scale IQ
from theWechsler Preschool and Primary Scale of Intelligence-3rd Edition.12
Core language competence was assessed using the Preschool Language
Test-4 Total Language Score.13 Fine motor skills were tested with the Wide
Range Assessment of Visual Motor Abilities pegboard, a manipulative dex-
terity test.14 Visual-motor integration was assessed with the Developmental
Test of Visual Motor Integration, a simple copying task that assesses the
child’s fine motor and visual motor coordination skills.15 Academic achieve-
ment (school readiness for reading andmath)was tested using the reading and
math clusters of the Woodcock-Johnson III, a standardized achievement test
for children from the age of 2 years to adulthood.16 Executive function
was assessed with the NEPSY (NEuro-PSYchology) Attention/Executive
Functions Core Domain Score, which reflects performance on measures of
selective attention and executive functions, including motor and task persis-
tence, inhibition, planning, andmental flexibility.17 If a childwas judged to be
too developmentally impaired to complete the tasks, a score was imputed by
assigning them the lowest possible score for the specific test.
Inattention, impulsivity, and social skills were assessed by parental re-
port. Inattention and impulsivity were also assessed by the Impulsivity and
Inattention Scales of the Attention Deficit/Hyperactivity Disorder Rating
Scale-IV Preschool Version.18 Social competence was assessed by the Pre-
school and Kindergarten Behavior Rating Scales Social Skills Total Score,
which details social cooperation, social interaction, and social indepen-
dence, as reported by parents.19 Other behavioral skills were assessed using
the Child Behavior Checklist for ages 1.5 to 5 years.20 The Child Behavior
Checklist for ages 1.5 to 5 years is a questionnaire used to obtain parental
reports of behavior problems and prosocial adaptive skills demonstrated
within the previous 6 months. Specifically, the pervasive developmental
problem (PDP) scale was used to assess the prevalence of problems in
the area of reciprocal social interactions and restricted behaviors (eg, repet-
itive behavior or disturbed by change). The PDP scale was developed to in-
corporate some of the behavioral symptoms that the Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition, lists as criteria
for the diagnosis of an autism spectrum disorder (autism, Asperger syn-
drome, or pervasive developmental disorder not otherwise specified).
High scores on the PDP scale do not confirm the diagnosis of an autism
spectrum disorder, but suggest that further evaluation is warranted.
Data Analysis and Statistical Methods
Patients were coded according to a previously described classification
that incorporates cardiac anatomy and perioperative physiology and that
has been shown to be predictive of perioperative mortality. Class 1rdiovascular Surgery c Volume 146, Number 1 133
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Dindicates 2 ventricles with no aortic arch obstruction; class 2, 2 ventricles
with aortic arch obstruction; class 3, a single ventricle with no arch obstruc-
tion; and class 4, a single ventricle with arch obstruction. Patients with te-
tralogy of Fallot and TGA are class 1, whereas patients with HLHS and
variants are class 4.
Subjects were characterized on the basis of occurrence of a postopera-
tive seizure. Ethnicity was classified as Asian/Pacific Islander, African
American, Hispanic, Native American, white, or other. APOE genotype
was coded for presence of the ε2 or ε4 allele. Subjects were categorized
in 3 groups: ε2 (ε2ε2 and ε2ε3), ε3 (ε3ε3), and ε4 (ε3ε4 and ε4ε4). Subjects
with the ε2ε4 genotypewere excluded from analysis of APOE genotype ef-
fect. The APOE groupwas coded as a dummy variable, with group ε3 as the
reference. Comparisons of covariates between patients with and without
a history of seizure were performed using the Fisher exact test or the Stu-
dent t test. Linear regression analysis was used to characterize the relation-
ship between occurrence of a seizure and the ND outcomes. The analyses
were adjusted for the covariates listed in Table 1. Ethnicity and surgical
class data are coded as dummy variables for the regression analyses,
with the most common category being used as the reference group. The
analyses were performed for the whole cohort and for the HLHS subgroup.
All analyses used STATA 12 software (StataCorp, College Station, Tex).RESULTS
Between September 1998 and April 2006, 675 eligible
infants underwent cardiac surgery. Twenty-three infants
died before consent was obtained. Parents of 102 infants de-
clined participation, and 550 (81%) were enrolled. Contin-
uous postoperative EEG monitoring was performed in 183
(88%) of patients between September 2001 and April
2003. All patients enrolled in the APOE study were pro-
posed for enrollment in the EEG study. Reasons for not un-
dergoing the EEG monitoring included parental refusal and
unavailability of an EEG monitor. Complete 48-hour EEG
studies were obtained in 178 (97%) of patients. Reasons
for noncompletion of the EEG included death in 1 patient,
parental request in 1 patient, technical issues resulting in
loss of the EEG recording in 2 patients, and need for a sec-
ond period of cardiopulmonary bypass in 1 patient.
In the overall cohort, 486 patients were alive and eligible
for the 4-year evaluation, which was completed by 382
(78%) of the eligible patients. There were 151 survivors
from the original cohort of 178 infants who underwent con-
tinuous EEG monitoring. Developmental evaluations at 4
years of age were performed in 132 (87%) of the survivors,
including 39 with HLHS or variant. Postoperative EEG sei-
zures occurred in 14 patients (11%) overall and in 7 (18%)
of those with HLHS. Because the genetic evaluations were
performed at the time of ND evaluation, patients who did
not return were more likely to be classified as ‘‘unknown’’
for genetic anomalies. The only other difference between
the returning and nonreturning patients was a smaller birth
head circumference for the nonreturners (Table 1).
Baseline variables and operative characteristics are
shown in Table 2. Patients with forms of a functional single
ventricle were more common in the seizure group. The only
significant difference in operative management at the initial
operation between patients with and without a history of134 The Journal of Thoracic and Cardiovascular Surga seizure was greater duration of DHCA in the patients
with a history of a seizure. This is consistent with our pre-
vious analysis of risk factors for a postoperative seizure in
this cohort. There were no significant differences in unad-
justed outcome for any ND measure between the patients
with and without a history of seizure for either the entire co-
hort or the HLHS subgroup (Table 2). In the entire cohort,
after adjustment for patient and operative covariates, pa-
tients with a history of seizure had worse performance for
executive function (P ¼ .037) (Table 3). Patients with
HLHS had a higher prevalence of deficits in social interac-
tions and repetitive/restricted behaviors (P ¼ .05).
DISCUSSION
The current study demonstrates that occurrence of a seizure
after cardiacoperation is a biomarker ofCNS injury.We found
that, although the occurrence of a postoperative seizure de-
tected by EEGmonitoringwas not associatedwith major def-
icits in cognition, language, or motor skills, it was associated
with worse performance for executive function and a higher
prevalence of repetitive/restricted behaviors, compared with
those patients in whom seizures did not occur. Our previous
evaluation of these patients at 1 year of age did not demon-
strate an adverse impact of a postoperative seizure.5
Serial evaluations of the patients enrolled in the BCAS
have shown that occurrence of a postoperative clinical or
electrocardiographic seizure was associated with worse
ND outcomes at both 1 and 4 years.1,2 At the 4-year
evaluation, infants who had experienced a postoperative
clinical or EEG seizure had lower scores for full-scale, ver-
bal, and performance IQ, and an increased risk of neuro-
logic abnormalities. The cohort recently underwent
evaluation at 16 years of age, including assessment of aca-
demic achievement, memory, executive function, visual-
spatial skills, attention, and social cognition.3 Interestingly,
although there were few significant treatment group differ-
ences, the occurrence of seizures in the postoperative period
was the variable most consistently related to worse ND out-
comes. In regression analyses, a history of a clinical EEG
seizure in the postoperative period predicted worse scores
on the reading and math achievement, memory, executive
function, visual-motor integration, and social cognition.
Andropoulous and colleagues21 recently evaluated the
evidence of postoperative EEG seizures in infants with ei-
ther 2 ventricles or a single ventricle CHD undergoing neo-
natal cardiac surgery using a high-flow CPB protocol and
cerebral oxygenation. Antegrade cerebral perfusion was
used to avoid DHCA. In this cohort of 68 patients, only 1
patient with single-ventricle CHD experienced 2 brief sei-
zures postoperatively. This prevalence of seizures was
much lower than that previously recorded in our study
and the BCAS. However, the patients were treated with con-
tinuous midazolam infusions, and the authors speculate that
this may have suppressed postoperative seizures.ery c July 2013
TABLE 1. Comparison baseline characteristics and operative
variables
Variable
No EEG seizure EEG seizure
P value(N ¼ 118) (N ¼ 14)
Sex 1
Male 67 (56.8) 8 (57.2)
Female 51 (43.3) 6 (42.9)
Ethnicity 1
American Indian/Alaska
Native
4 (3.4) 0 (0)
Asian 5 (4.3) 0 (0)
Black or African American 21 (17.8) 2 (14.3)
Hispanic 3 (2.6) 0 (0)
White 85 (72.1) 12 (85.8)
Maternal education .6
Less than high school 3 (2.6) 1 (7.2)
High school/
some college
51 (43.3) 7 (50)
College 44 (37.3) 5 (35.8)
Graduate 19 (16.2) 1 (7.2)
Socioeconomic status
quintile
.2
1 3 (2.6) 1 (7.2)
2 10 (8.5) 3 (21.5)
3 27 (22.9) 1 (7.2)
4 37 (31.4) 3 (21.5)
5 40 (33.9) 6 (42.9)
Genetic anomaly .8
None 87 (73.8) 12 (85.8)
0
Suspected 14 (11.9) 1 (7.2)
1
Confirmed 17 (14.5) 1 (7.2)
2
APOE genotype* .85
ε2 15 (12.8) 1 (7.2)
ε3 64 (54.3) 9 (64.3)
ε4 37 (31.4) 4 (28.6)
Birth weight, g .39
Mean  SD 3.09  0.62 3.22  0.59
No. 118 14
Birth head
circumference, cm
.25
Mean  SD 33.32  2.03 33.97  2.26
No. 116 14
Gestational age, wk .71
Mean  SD 38.3  2.09 38.5  1.56
No. 117 14
Preoperative mechanical
ventilation
1
0 95 (80.6) 11 (78.6)
1 23 (19.5) 3 (21.5)
Cardiac class .02
1 62 (52.6) 2 (14.3)
2 16 (13.6) 3 (21.5)
3 8 (6.8) 2 (14.3)
4 32 (27.2) 7 (50)
(Continued)
TABLE 1. Continued
Variable
No EEG seizure EEG seizure
P value(N ¼ 118) (N ¼ 14)
Age at first operation, d .17
Mean  SD 43.69  52.65 24.29  39.57
No. 118 14
Weight at first operation, kg .73
Mean  SD 3.84  1.17 3.74  1.14
No. 118 14
Total duration CPB at first
operation, min
Mean  SD 57.30  31.90 63.86  24.71 .47
No. 118 14
Total duration DHCA at first
operation, min
.001
Mean  SD 21.76  21.23 41.93  22.35
No. 118 14
HCT at first operation .34
Mean  SD 30.69  3.53 29.71  2.58
No. 118 14
Delayed sternal closure .15
No 108 (91.6) 11 (78.6)
Yes 10 (8.5) 3 (21.5)
Preoperative LOS 1
Mean  SD 2.16  3.55 2.14  1.79
No. 118 14
Postoperative LOS .03
Mean  SD 10.94  13.30 19.43  15.04
No. 118 14
Use of ECMO or VAD .11
No 118 (100) 13 (92.9)
Yes 0 (0) 1 (7.2)
No. of additional operations
with CPB
.05
0 73 (61.9) 4 (28.6)
1 10 (8.5) 2 (14.3)
2 33 (28) 8 (57.2)
3 2 (1.7) 0 (0)
Duration cumulative
CPB, min
.02
Mean  SD 92.31  58.40 132.43  72.04
No. 118 14
Any additional DHCA .02
No 47 (39.9) 1 (7.2)
Yes 71 (60.2) 13 (92.9)
Duration cumulative
DHCA, min
.003
Mean  SD 35.93  38.32 66.14  41.41
No. 118 14
EEG, Electroencephalographic; APOE, apolipoprotein E; CPB, cardiopulmonary
bypass; DHCA, deep hypothermic circulatory arrest; HCT, hematocrit; LOS, length
of stay; ECMO, extracorporeal membrane oxygenation; VAD, ventricular assist
device; SD, standard deviation. *Subjects with the ε2ε4 genotype were excluded.
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DGunn and colleagues22 evaluated 39 full-term infants un-
dergoing the Norwood procedure with amplitude-integrated
EEG monitoring both intraoperatively and for 72 hours
postoperatively. However, this technique is less accuraterdiovascular Surgery c Volume 146, Number 1 135
TABLE 2. Unadjusted neurodevelopmental outcomes
Outcome
All No EEG seizure (n ¼ 118) EEG seizure (n ¼ 14)
P valueNo. Mean SD Range No. Mean SD Range No. Mean SD Range
Cognition 130 95.0 18.5 49-137 116 95.2 18.71 49-137 14 93.6 16.7 69-118 .75
Language 132 96.2 18.5 50-131 118 96.7 18.52 50-131 14 92.0 18.4 56-122 .38
Visual-motor integration 131 92.3 18.2 48-136 117 92.6 18.41 48-136 14 89.4 16.8 53-114 .51
Fine motor 131 94.8 19.3 45-132 117 95.1 19.46 45-132 14 92.7 18.1 70-126 .66
Executive function 123 98.4 15.2 60-126 109 99.4 14.84 60-126 14 90.9 15.8 66-112 .07
Memory 115 92.7 17.0 52-133 101 93.5 16.96 52-133 14 87.3 16.5 60-106 .21
Reading skills 128 106.1 17.3 76-190 114 106.3 17.93 76-190 14 103.7 10.2 87-121 .42
Math skills 124 95.6 21.1 40-142 110 96.2 21.18 40-142 14 90.5 20.1 42-121 .33
Impulsivity 131 7.4 6.1 0-22 117 7.3 6.11 0-22 14 8.3 6.0 0-20 .55
Attention 131 6.3 5.3 0-21 117 6.2 5.25 0-21 14 6.4 5.7 0-16 .90
Restricted/repetitive
behaviors
131 3.0 3.2 0-18 117 2.7 2.94 0-17 14 5.1 4.5 0-18 .08
Social skills 130 106.2 12.0 56-123 116 106.4 12.10 56-123 14 104.6 11.3 82-120 .60
EEG, Electroencephalographic.
Congenital Heart Disease Gaynor et al
C
H
Din detecting EEG seizures compared with conventional
EEG monitoring.23 They used a perfusion strategy with
full-flow moderately hypothermic CPB with antegrade ce-
rebral perfusion. Overall, 13 infants (33%) had electrical
seizures, including 9 with intraoperative seizures and 7
with postoperative seizures. Status epilepticus was pharma-
cologically treated. Seizures were associated with increased
mortality but not with ND abnormalities in the survivors.
This study suggests that avoidance of DHCA does not pre-
vent postoperative seizures. In addition, the findings also
suggest that prompt identification and treatment may mini-
mize the ND effects of postoperative seizures.
The findings of the current study, compared with those of
the BCAS, suggest a less adverse impact of a postoperative
seizure. Unlike the BCAS, we did not find that seizures
were associated with worse cognitive, language, or motor
skills. It is interesting to speculate on potential reasons for
this difference. Our cohort included patients with manyTABLE 3. Linear regression
Outcome
All (N ¼ 130)* HLHS (N ¼ 39)
b P value b P value
Cognition 2.138 .648 7.449 .560
Language 3.448 .451 5.500 .589
Visual-motor integration 2.120 .682 9.010 .564
Fine motor 1.191 .819 23.544 .061
Executive function 8.977 .037 12.885 .291
Memory 3.443 .509 11.409 .271
Reading skills 2.698 .584 11.924 .347
Math skills 2.960 .597 17.430 .226
Impulsivity 1.095 .555 2.51 .699
Attention 0.812 .622 4.256 .364
Restricted/repetitive
behaviors
1.984 .057 6.980 .050
Social skills 1.814 .632 17.844 .084
HLHS, Hypoplastic left heart syndrome. *Regression analyses adjusting for APOE
status excluded 2 subjects with APOE ε2/ε4 genotypes.
136 The Journal of Thoracic and Cardiovascular Surgtypes of CHD, including single-ventricle CHD and
HLHS, not just TGA. In addition, our cohort included chil-
dren with genetic anomalies and those undergoing multiple
operations. The heterogeneity of our patient population may
make it more difficult to identify the impact of a seizure on
outcome. In the BCAS study, the EEG monitoring was
strictly considered a research tool and the data collected
were not used to guide treatment with antiseizure medica-
tions. Only clinical seizures were treated, but it is well
known that unaided clinical observation grossly underesti-
mates the true number and duration of EEG seizures.
Thus, in retrospect, many patients in the BCAS experienced
long periods of untreated seizures, lasting cumulatively up
to 16.3 hours during 48 hours of monitoring.24 Indeed, the
investigators identified a trend toward worse outcomes at
1 year of age for infants with total seizure duration of longer
than 139 minutes.25 Conversely, in our study, the EEGs
were interpreted every 12 hours and the clinical team was
notified whenever seizure activity was noted. This prompt
identification and treatment may have ameliorated the im-
pact and secondary injury due to untreated seizures.
In multiple clinical settings, seizures defected by visual
observation or by EEG are both significantly associated
with subsequent adverse outcomes. However, it is not clear
if the seizures are only innocent outward signs of brain dam-
age or whether they actively contribute to the final extent
and severity of the injury. Recent studies have shown that,
in the immature rodent brain, seizures evoke long-lasting
disturbances in neuronal structure, synapse formation, net-
work organization, and neurotransmitter subunit composi-
tion.26 Collectively, these changes alter the behavior,
memory, and problem-solving skills of affected rodents.27
In human studies, it has been much more difficult to tease
apart the possible adverse effects of the seizures themselves
from the underlying conditions that triggered them. In a re-
cent prospective study of neonatal hypoxic-ischemicery c July 2013
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Dencephalopathy, all study subjects underwent research pro-
tocol brain magnetic resonance imaging shortly after birth,
and a seizure burden index was generated.28 Full-scale IQ
was assessed at the age of 4 years in 77 survivors. After ad-
justment for the extent of anatomic injury detected by the
magnetic resonance images, Full-Scale IQ was significantly
depressed, with higher seizure burdens. The results of the
current study are consistent with the hypothesis that sei-
zures per se are independently associated with some ad-
verse developmental outcomes. In the BCAS, untreated
EEG seizures were associated with greater ND impairments
than found in the current study. The question must be asked
whether all or most infants undergoing infant heart surgery
should undergo long-term EEG monitoring to facilitate the
prompt detection and early treatment of seizures. Indeed,
such a recommendation has recently been made by the
American Clinical Neurophysiology Society.4
There are several limitations to the current study. Al-
though it is a large overall cohort, the number of patients
with EEG seizures is fortunately small. Seizures were
treated whenever identified; however, the therapies were
not standardized. In addition, the study was not designed
or powered to determine if early identification of a seizure
and institution of appropriate therapy would improve out-
comes. Finally, patterns of developmental disability change
as children develop; re-evaluation at an older age may iden-
tify additional deficits.
In summary, we found that the occurrence of a postoper-
ative EEG seizure after cardiac surgery in neonates and in-
fants was not associated with deficits in cognitive, language,
and motor skills. There is an association with impaired so-
cial interactions/restricted behavior and executive function
at 4 years of age. The adverse effect of a seizure on ND out-
comes may be less than identified in previous studies.
Prompt identification and treatment of postoperative sei-
zures may prevent secondary CNS injury due to ongoing
seizure activity. A clinical trial is indicated to determine if
EEG monitoring and targeted therapy of postoperative sei-
zures will improve ND outcomes.References
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Dr V. Mohan Reddy (Stanford, Calif). I would like to congrat-
ulate Bill and his colleagues for their important contribution to the
field of neurodevelopmental outcome after cardiac surgery. Your
institution has been prolific in this area and it is welcome to all
of us.rdiovascular Surgery c Volume 146, Number 1 137
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pecially electrical seizures, are important biomarkers of brain in-
jury, probably also clinical as well as from previous studies.
Whether seizures contribute to further injury to an already injured
brain is unclear, but evidence suggests they do. Perhaps, detection
and treatment are important to prevent further neurologic damage
from seizures, as shown by your study.
The questions I have:
Although for the whole cohort there were differences in func-
tion, executive and social functions, for seizure and no seizure ac-
tivity patients, there were no differences in hypoplastic subgroup
patients. How do you explain it?
Dr Gaynor. There were only 39 patients with hypoplastic left
heart syndrome who were monitored. In the whole cohort, there
were 14 patients with seizures who returned for evaluation. We
are underpowered for many subanalyses. I would imagine that if
we had more patients with hypoplastic left heart syndrome we
would probably see a similar pattern.
Dr Reddy. But the incidence of seizures was higher in the hy-
poplastic group.
Dr Gaynor. Yes. But again, it is still just a small number of
patients.
Dr Reddy. The second question is: The seizures in your manu-
script were classified as frontal versus nonfrontal seizures. Did you
analyze to see if there were any differences between the two?
Dr Gaynor. Again, in the Boston study they tend to find a trend
towards worse outcome with the frontal seizures. And when we
looked at that at 1 year, there was a trend.
We tried to look at it here again. With only 14 patients with sei-
zures, there simply was not enough power.
Dr Reddy. In looking at your data, it appears that if the circu-
latory arrest duration was less than 25 minutes, there were no in-
cidents of seizures. Would you in this light consider limiting the
arrest time to 25 whenever possible or avoiding altogether?
Dr Gaynor.Well, again, I think we did see seizures in the chil-
dren who had continuous bypass and, as I said, I think the paper
from Melbourne and Auckland that was recently published with
antegrade cerebral perfusion, where they had a 33% incidence of
seizures overall in the Norwood population, which was signifi-
cantly greater than what we have seen. And they actually had intra-
operative seizures.
Again, I think this needs to be studied prospectively, but that pa-
per would suggest that the use of antegrade cerebral perfusion
would not be protective. Perhaps a technique such as Christian Pi-
zarro and Ross Ungerleider have popularized, intermittent perfu-
sion, may be useful. Again, these we can speculate but need to
test the hypothesis.
Dr Reddy. I agree. I think antegrade cerebral perfusion is not
fully evaluated. But that study you mentioned was done at moder-
ate hypothermia. And in the laboratory we found that antegrade ce-
rebral perfusion is better performed at the same temperature as
deep hypothermic circulatory arrest rather than at higher
temperatures.
Dr Gaynor. Well, the temperatures between the 2 institutions
varied. One used 21 and one used 25, but they did not find any
difference between the institutions in the incidence of seizures.
So I think, I agree, and I am concerned about antegrade cerebral
perfusion at normothermia. I thinkwe have to be careful about that.138 The Journal of Thoracic and Cardiovascular SurgDr Reddy. I agree. At least in the laboratory it appears to us that
antegrade cerebral perfusion is best performed at deep hypother-
mic temperatures.
Dr Gaynor. Right.
DrReddy.Given the data, it seems that EEGmonitoring should
be mandatory in all our patients, although in the last couple slides
you mentioned it. Do we as a Society make it mandatory and have
our own recommendations?
DrGaynor.Well, again, whenwe did our systematic review, we
could not find any evidence, any class 1 evidence, that EEG mon-
itoring improved outcomes. Like I said, I would like to use this as
speculation. I do not want to make a formal recommendation that
you should use it. But I think it should clearly be a topic of study
and of something we look for going forward.
We were talking to our neurologists and our intensive care phy-
sicians about beginning to use this. And we did full 10-lead EEGs,
which a lot of the parents do not like because they leave the marks
on the head and it’s a big bandage. We need to learn if there are
other types of EEG monitoring, such as amplitude-integrated
EEG or something else to pick up seizures that may be sort of
less invasive and more acceptable to our ICU. But, yes, I think
this is potentially a modifiable factor that we could use to improve
outcomes.
Dr Reddy. Bill, congratulations again for all your group’s
efforts.
Dr Charles Fraser (Houston, Tex). I just want to comment. It is
a great subject that we will be debating, it sounds like, for the next
century.
About the comment you made about the antegrade cerebral per-
fusion, Bill, you know that from our data we did not see these and
we continuously monitor our patients postoperatively. We did not
see a high incidence of seizures as you describe in your comments.
So I think one of the problems about discussing these various stud-
ies is a lot of times you are comparing apples to oranges.
Dr Gaynor. The most important difference in your study com-
pared to the other studies, and I’ve actually talked to Dean about
this, is the kids were on continuous midazolam infusions. In prep-
aration for a grant, we have compared the anesthetic agents used
for stage I reconstruction across institutions. And the highest doses
of benzodiazepines are from Texas Children’s. In the paper, Dean
speculated that the use of continuous midazolam intraoperatively
and postoperatively may have masked seizures. If you are treating
already–it may improve outcomes. It may be that we find out that
the best thing we can do is to have them on midazolam and sup-
press any seizures. I do not know. But I think the data from Texas
Children’s is hard to interpret because theywere treated with a con-
tinuous midazolam infusion.
Dr Fraser. So my question is the dichotomy of statements. So
the last slide that you presented was a policy statement from
a learned society based on clearly not level 1 evidence.
Dr Gaynor. Exactly.
Dr Fraser. But in the same dialogue we’re having, we’re agree-
ing or disagreeing about acting on lack of level 1 evidence for other
measures. I am increasingly confused about what we should treat
and what we should not treat.
Dr Gaynor. Well, again, as am I. And I mean, we all, for any-
thing we do, we have to interpret the best evidence we can and
come up with a clinical practice that we use in our institution.ery c July 2013
Gaynor et al Congenital Heart Disease
C
H
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I think we need to begin to look at all these things that we do and
wherever possible try as a Society to develop the trials to actually
get the evidence and understand: Is there value added to these
strategies?
If you add 48-hour EEG monitoring, you have actually added
a lot of cost because of the interpretation, the machines. The techs
are always coming in the middle of the night because the leads
have fallen off. Is that cost-effective? I think it might be. But it
is something we need to test.
So, I think each of our institutions, as physicians, we have
looked at the available evidence, used our clinical experience
to come up with what is the best practice for our institution,
but it is hard to come up with broad standard-of-care decisions.
That is why my slide was titled ‘‘Speculation,’’ and it had
a hypothesis. And I think we need to obtain that evidence. So
I would not recommend a policy unless you are actually collect-
ing the data.
DrRichardGates (Orange, Calif). I am a bit confused, you just
told us a little while ago that you perfused neonates with transpo-
sition at 32. Why are you comfortable doing that and so worried
about perfusing a hypoplast at 32?
Dr Gaynor. You’re talking about perfusing through antegrade
cerebral perfusion?
Dr Gates. Right.
Dr Gaynor. Well, if you can show me the data that the neuro-
developmental outcomes are superior and that unlike the Mel-
bourne data, where they perfused at 25, they had a 33%
incidence of seizures, I could consider it. It is a hypothesis, we
can look and see, measure the data.
Dr Gates. But in a neonatal ECMO patient (neck-neck) you are
doing selective ipsilateral cerebral perfusion at normothermia. You
are also doing nonselective antegrade cerebral perfusion during
your transposition patient at 32. What is the difference between
doing it in a hypoplast?
Dr Gaynor. Well, there can be circle of Willis issues. We
know that there is a difference between cerebral hemisphere per-
fusion when you use antegrade. We know that there are differ-
ences based on flow rates, pressure, other variables. It may be.
They are testable hypotheses. I mean, again, there is not class
1 evidence for a lot of the things we do. And what I am trying
to avoid to do is making blanket statements that people canThe Journal of Thoracic and Cainterpret as standard of care. I am saying these are things that
need to be investigated.
Mohan just suggested that their animal experience suggests that
antegrade cerebral perfusion at normothermia is dangerous. Ani-
mal experiments do not always translate to clinical experience. I
think if we are going to use these techniques, we have a moral
and ethical obligation to measure the outcomes and report the out-
comes and show whether they are the same, better, not inferior. I
think that is what we have to do. So it is hard if we do not have
some data on that. As I said, we would not know about the seizures
unless you measured the seizures. Just because they do not have
a clinical seizure does not mean they are not seizing. We have to
get the data.
DrGates. I agreewith you that a clinical trial to comparemildly
hypothermic versus deep hypothermic selective cerebral perfusion
in neonates would be a great prospective study.
DrYves d’Udekem (Victoria, Australia). This ismore of a com-
ment, because it has been repeatedly mentioned that the patients in
Melbourne were seizing so much, that I just want to clarify a little
bit what we did after we found such a horrific rate of seizures in our
patients. We looked back at the data of the patients included in this
study with the perfusionists. The way we calculated the flow dur-
ing the original antegrade cerebral perfusion was keeping that flow
at a fixed percentage of the estimated cardiac output. And we were
seemingly maintaining flows in some of these patients at a percent-
age around 40%-50%. After that study, we kept doing antegrade
cerebral perfusions, we just increased the flow we were giving.
Sowe are now giving blood both to the brain and to the descending
aorta and we maintain flows around 70%-80%. And unfortunately,
because the research has now been concluded, we no longer have
EEG monitoring.
Dr Gaynor. But it would be nice, since you have changed your
practice, it would be important to measure that.
Dr Reddy. I think it is important, as I said, how much you flow
and what the perfusion pressure is when you do antegrade cerebral
perfusion is extremely important. We found in the animal experi-
ments that if your perfusion pressure is higher or if you are flowing
a higher flow than required, then you significantly see, at least we
saw, hemorrhage in the brain in a significant number of animals. So
I think the strategy of antegrade cerebral perfusion is not standard-
ized. We really do not know how much we should put flow and at
what pressure we should flow.rdiovascular Surgery c Volume 146, Number 1 139
